We examined changes in nitrogen (N) net uptake and activity and amount of plasma membrane H + -ATPase (PM-ATPase) in roots of hydroponically cultured Scots pine (Pinus sylvestris L.) seedlings throughout a simulated second growing season. Seedlings were grown with low (0.25 mM N) or high (2.5 mM N) nutrient availability to determine whether root PM-ATPase is dependent on an external nutrient supply. Climatic conditions in the growth chamber simulated the mean growing season from May to mid-October in southern Finland. Root PM-ATPase activity varied considerably during the growing season and was higher in current-year roots than in previous-year roots. Total PM-ATPase activity of current-year roots was highest at the end of the growing season, whereas PM-ATPase activity per unit fresh mass of current-year roots and specific absorption rate of N were highest in mid-July and decreased at the end of the growing season. This indicates that the decrease in PM-ATPase activity per unit fresh mass of the roots at the end of the growing season was compensated by the increased size of the root system. Seasonal variation in PM-ATPase activity had no clear dependence on root zone temperature. The response of PM-ATPase to root zone temperature was dependent on the developmental stage of the seedling. High nutrient availability resulted in increased root PM-ATPase activity and an extended period of root growth in autumn.
Introduction
Nutrient uptake is influenced by environmental factors including nutrient supply (Jensén and Pettersson 1980) , soil water (Oren and Sheriff 1995) and root zone temperature (RZT) (Bowen 1970 , Engels and Marschner 1996a , Iivonen et al. 1999 , and it is also regulated internally. Acclimation of uptake and translocation of nutrients to growth-related demand has been described for several macro- (Engels et al. 1992 , Imsande and Touraine 1994 , Engels and Marschner 1996b and micronutrients (Engels and Marschner 1996a) . In conifer seedlings, the demand for mobile nutrients for initial growth can also be satisfied by remobilization of nutrients from older parts of the plant (Millard and Proe 1993) .
During growth and maturation, roots undergo extensive anatomical changes that greatly affect their permeability to water and solutes (Kramer 1983) . Although water (Häussling et al. 1988 ) and ion uptake (Chung and Kramer 1975, Jensén and Pettersson 1980) occur primarily in root apical zones where the roots are newly formed and unsuberized, the importance of older suberized roots in water and nutrient uptake should not be underestimated (Chung and Kramer 1975 , Van Rees and Comerford 1990 , MacFall et al. 1991 . During the growth process, the most active part of the root system is continuously renewed, and at the same time the activity of the older parts decreases. Because of the dynamic behavior of the root system, its nutrient uptake activity may vary considerably during the growing season.
Plasma membrane H + -ATPase (PM-ATPase) plays a major role in nutrient uptake and loading because it pumps protons outside the plasma membrane, producing an electrogenic proton gradient across the membrane and thus providing energy to secondary transporters (Serrano 1990, Michelet and Boutry 1995) . The expression of root PM-ATPase is regulated by root developmental stage and environmental conditions (Roldán et al. 1991) . The activity of the enzyme is dependent on environmental conditions, including RZT (Ryyppö et al. 1998 , Iivonen et al. 1999 ) and nutrient availability (Kuiper et al. 1991 , Santi et al. 1995 , Qiu and Su 1998 , but may also be stimulated by the growth hormones auxin (Gabathuler and Cleland 1985, Santoni et al. 1991) and cytokinin (Kuiper et al. 1991) .
Recently, we found that the most intensive period of dry mass allocation to roots in Scots pine (Pinus sylvestris L.) seedlings is at the end of the growing season after the period of intense shoot growth, at which time RZT is already decreasing (Iivonen et al. 2001) . Because nutrient uptake must match the nutrient requirement of the seedling for growth, acclimatory changes must occur in the root system to meet the growth de-mand for nutrients throughout the growing season.
The present study was undertaken to determine (1) the time of the growing season when roots are metabolically most active; (2) the relative roles of current-and previous-year roots in the metabolic activity of the root system; and (3) the relationship between metabolic activity of roots and RZT. We focused on the activity and amount of PM-ATPase in current-and previous-year roots as an indicator of metabolic activity, and on nitrogen (N) net uptake and growth of seedlings throughout the simulated growing season. In addition, the seedlings were grown with low or high nutrient availability to determine the importance of nutrient supply for growth and metabolic activity of the root system.
Material and methods

Plant material
The experiment was conducted with 1-year-old Scots pine (Pinus sylvestris) seedlings grown in peat-filled Ecopots (PS-508, Lännen Tehtaat, Iso-Vimma, Finland; growing density 620 seedlings m -2 ) in the nursery at Suonenjoki Research Station (62°40¢ N, 27°00¢ E). The seed originated from a seed orchard (62°05¢ N, 26°10¢ E) established with material obtained from different sites in Finland between 61°70¢ N and 64°20¢ N. In mid-October 1996, the seedlings were transferred to cold storage and kept at -3°C over winter. At the beginning of February 1997, the seedlings were thawed in darkness at 4°C for 2 weeks. Thereafter, the peat surrounding the root systems of the seedlings was removed by gently washing the roots with cold tap water.
Experimental design
A total of 1152 seedlings were placed in 12 plastic containers (volume 40 dm 3 , 96 seedlings per container) in a growth chamber (Weiss, Type 10 Sp/5 DU-Pi, Lindenstruth, Germany). The containers were filled with aerated nutrient solution containing a low concentration of nutrients (0.25 mM N and other essential nutrients in proportion to N) (Ingestad and Lund 1986) . Air and root zone temperatures were adjusted to 4°C and the seedlings were kept in continuous dim light (100 µmol m -2 s -1 ) during the first 3 days. Thereafter, the containers were grouped in three blocks, each comprising four containers. Each block was then divided into two nutrient treatments, low nutrient availability (0.25 mM N; LN treatment) and high nutrient availability (2.5 mM N; HN treatment), with two containers per block per treatment. In the nutrient solutions (Ingestad and Lund 1986) , nitrate and ammonium ions made up 58 and 42% of the total N, respectively. The concentrations of all other essential nutrients were supplied in proportion to the amount of N. The pH of the nutrient solutions was adjusted to 4.5-5.5 with 1 N NaOH or 1 N HCl. Electrical conductivity and pH of nutrient solutions were measured twice a week; nutrient solutions were added based on these measurements. In addition, the concentrations of NH 4 -N and NO 3 -N of the nutrient solutions were occasionally checked by flow injection analysis. The nutrient solutions were changed monthly. Daily and seasonal fluctuations in air and root zone temperature, relative air humidity and photosynthetic photon flux density were similar in all treatments. Air and root zone temperature and photoperiod were simulated, with slight modifications, to follow the mean weather and light conditions in Jokioinen (60°49¢ N, 23°30¢ E), based on meteorological data measured during 1961 -90 (Finnish Meteorological Institute 1991 (Figure 1) . In the simulated conditions, the length of a month was 26 days; and the total temperature sum that developed during the simulated growing season was 1044 d.d. (d.d. = degree days above a threshold of 5°C) (Figure 1 ), which was the lower limit in the temperature sum zone of 1000-1300 d.d. in southern Finland between latitudes 60°and 64°N (Finnish Forest Research Institute 1998) . Relative air humidity in the growth chamber was 60-80% in May and June, 60-90% in July and August and 70-90% in September and October, being lowest in the middle of the day and highest in the middle of the night. Air temperature and relative humidity in the chamber were recorded continuously by a thermohygrograph. Maximum daily photon flux density at the top of the seedlings was 300 µmol m -2 s -1 (PAR, Li-185B, Li-Cor, Lincoln, NE). To control root zone temperature, a water-filled plastic coil was placed in the bottom of each container. The coils were connected to cryostats (MGW, Lauda, Germany) that circulated water in the coil, thus maintaining the nutrient solutions at the desired temperature. The temperature of the nutrient solutions was measured daily with a digital thermometer (Sensotherm 100, Nürnberg, Germany). 
Growth and nitrogen analysis
Fresh mass of the seedlings was determined by weighing eight seedlings per container (48 seedlings per treatment) at the beginning of the experiment and nine times during the experiment. At each weighing, new seedlings were sampled for biomass analysis. After the current-and previous-year roots, needles and stems of eight sampled seedlings had been weighed separately, the organs were pooled and stored at -80°C. Current-year roots were separated when the length of the new roots was > 1 cm. Dry mass was determined from a subsample that had been dried at 60°C for 48 h. After drying, total N of the needle and stem samples was measured with a CHN-600 analyzer (Leco Co., St. Joseph, MI) and that of the root samples with a Leco CHN-900 analyzer. Specific absorption rate of N (SAR N ) was calculated as:
where M 1 and M 2 represent total N content in the plant and W 1 and W 2 represent fresh masses of roots at sampling times T 1 and T 2 , respectively (Welbank 1962) .
Isolation of plasma membranes from roots
Material for isolation of the plasma membrane was sampled 10 times during the experiment. Altogether eight seedlings were sampled systematically from each container and the roots of the sampled seedlings were excised and separated into current-and previous-year roots. Thereafter, roots from each container were pooled, frozen in liquid N and stored at -80°C. Plasma membranes were isolated by a two-phase aqueous polymer technique (Widell 1987 ) from 10-15 g of frozen roots as described by Iivonen et al. (1999) .
Assay of PM-ATPase activity and determination of membrane proteins
Activity of PM-ATPase was measured as described by Ryyppö et al. (1994) but with slight modifications. The assay is based on colorimetric measurement of inorganic phosphate released from ATP hydrolysis (Hodges and Leonard 1974) . Activity was assayed in the presence of 5 mM NaN 3 , 100 mM KNO 3 and 0.1 mM (NH 4 ) 6 Mo 7 O 24 , and in the presence or absence of 100 µM NaVO 4 and 3 mM MgSO 4 . The detergent used was 0.1% Brij 58. The PM-ATPase activity of the roots was measured at the actual RZT (hereafter called real PM-ATPase activity) and at 38°C. The activity measured at 38°C shows the maximal capacity of the enzyme (hereafter called potential PM-ATPase activity). The PM-ATPase activity was calculated per unit fresh mass of the roots and on the basis of total root fresh mass (hereafter called total activity). The amount of plasma membrane protein was estimated according to Bradford (1976) .
SDS-PAGE and Western blotting
Plasma membrane samples were precipitated with 10% (w/v) trichloracetic acid for 15 min in an ice bath and pelleted by centrifugation at 4°C. The pellets were suspended in buffer containing 62.5 mM Tris-HCl (pH 6.8), 2% (w/v) sodium dodecyl sulfate (SDS), 10% (v/v) glycerol, 5% (v/v) 2-mercaptoethanol, 20 mM dithiothreitol, 10 mM EGTA, 0.02% (w/v) bromophenol blue, 1 mM PMSF and 50 µg ml -1 chymostatin. A 5 µg sample of plasma membrane proteins was subjected to SDS-PAGE (polyacrylamide gel electrophoresis) according to Laemmli (1970) . The gel system consisted of a 4.8% stacking gel and an 8% resolving gel.
After gel electrophoresis, polypeptides were transferred electrophoretically to a nitrocellulose membrane (Hypond ECL, Amersham Pharmacia Biotech, Piscataway, NJ). The transfer buffer contained 25 mM Tris, 192 mM glycin and 20% (v/v) methanol. Transfer was performed at a constant current of 20 mA for 1 h at 4°C. After transfer, the membrane was incubated for 1 h at room temperature in a blocking buffer (5% (w/v) defatted milk powder in TBS-T: 140 mM NaCl, 20 mM Tris-HCl (pH 7.6) and 0.1% (v/v) Tween 20). Thereafter, the membrane was washed with TBS-T for 1 × 15 min and 2 × 5 min. After washing, the membrane was incubated overnight at room temperature with rabbit antiserum (No. 721, used at a dilution of 1/10,000; a gift from Prof. Ramón Serrano, Universidad Polytechnica, Valencia, Spain) against the central domain of Arabidopsis thaliana (L.) Heynh. The antiserum was raised against fusion proteins containing amino acid sequences 340-650 of AHA3 (Pardo and Serrano 1989) and specifically recognized the same size of polypeptide (around 100 kD) from the plasma membranes of A. thaliana leaves and Scots pine roots (data not shown). After incubation, the membrane was washed again and then incubated with a secondary antibody (Anti-rabbit IgG, peroxidase-linked antibody from donkey, ECL, Amersham Pharmacia Biotech) for 1 h at room temperature. The secondary antibody was used at a dilution of 1/3000. Both antibodies were diluted in a buffer containing 1% (w/v) defatted milk powder, 140 mM NaCl and 20 mM Tris-HCl (pH 7.6). After incubation with secondary antibody, the membrane was washed again. Thereafter, the membrane was treated with ECL Western blotting reagents (Amersham Pharmacia Biotech) and then exposed to Kodak X-ray film for 1 min. The bands on the film were quantified by image analysis (SnapScan 1236, Agfa-Gevaert Group, Mortsel, Belgium).
Statistical analyses
Three-way analysis of variance was performed to test (1) the effects of nutrient treatment, age of the roots, block factor and sampling day on PM-ATPase activity and on the amount of plasma membrane protein (n = 6); (2) the amount of PMATPase, with age of the roots, nutrient treatment and sampling day as factors (n = 3); and (3) the effects of nutrient treatment, block factor and sampling time on root/shoot ratios, increment in N content and SAR N (n = 6). Values of PM-ATPase activity, amount of PM-ATPase, protein concentration in the plasma membrane, N content and SAR N in pooled samples for each container were used as independent observations. In the statis-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SEASONAL VARIATION IN ACTIVITY OF SCOTS PINE ROOTStical analysis, the mean values for root/shoot ratio of the sampled seedlings in each container were used as independent observations in the statistical analysis. When a significant interaction between sampling day and nutrient treatment or age of the roots was detected, the pairwise differences between treatment means were analyzed with Tukey's multiple range test. The analyses were conducted with SYSTAT 5.0 for Windows (SYSTAT, Evanston, IL).
Results
Growth of the seedlings
Initial fresh mass of the seedlings was 3.95 ± 0.20 g (± SD), and final fresh mass at the end of the growing season was 16.59 ± 2.30 g in the LN treatment and 29.74 ± 3.50 g in the HN treatment, indicating that the total fresh mass increment of HN seedlings was twice that of LN seedlings. In both nutrient treatments, the seedlings grew vigorously from June to the end of August (Figures 2A and 2B) ; thereafter, growth of the seedlings declined rapidly. Root growth started in early June, peaked at the end of August, declined in early September and again showed a small peak at the end of September. Compared with LN seedlings, root growth of HN seedlings was greater and continued longer at the end of the growing season (Figure 2B) . In both nutrient treatments, root growth decreased at the end of July, when shoot growth was most intense, and accelerated subsequently. Compared with HN seedlings, LN seedlings allocated proportionally more biomass to root growth than to shoot growth after mid-July (Figures 2A and  2B , Table 1 ).
PM-ATPase activity per unit fresh mass of the roots
In both nutrient treatments, potential PM-ATPase activity (i.e., measured at 38°C) was higher in current-year roots than in previous-year roots (P < 0.001) ( Figure 3A) . Potential PMATPase activities of current-and previous-year roots were higher in the HN treatment than in the LN treatment (P < 0.001 and P = 0.04, respectively). Seasonal changes in potential activity were similar in both nutrient treatments, with two exceptions: first, in the HN treatment, the potential activity of current-year roots was much higher at the end of June but decreased until mid-July; and second, in the HN treatment the decrease in potential activity started 2 weeks later, at the beginning of October.
Real PM-ATPase activity (i.e., measured at the actual RZTs) of current-year roots (P < 0.001) and to some extent real activity of previous-year roots (P = 0.01) were higher in HN seedlings than in LN seedlings ( Figure 3B ). In both nutrient treatments, real activity was higher in current-year roots than in previous-year roots until the end of September (P < 0.001). In the HN treatment, real activity of current-year roots was high from the end of June to the end of August when RZT was 13.5-16.5°C, decreased in mid-September and peaked at the end of September before it decreased rapidly. In the LN treatment, real activity of current-year roots was highest in mid-July but then decreased steadily showing a small peak at the end of September. Real activity of previous-year roots decreased earlier and at a higher rate in the LN treatment than in the HN treatment (P < 0.001 for the interaction between nutrient availability and sampling day), and in both HN and LN seedlings real activity was low in mid-October.
Total PM-ATPase activity of roots
We calculated total PM-ATPase activity to describe activity of the whole root system and that of current-and previous- year roots separately. In both nutrient treatments, total real (i.e., measured at the actual RZTs) activity of current-year roots was significantly higher than that of previous-year roots (P < 0.001) ( Figures 4A and 4B ). Total real activity of all roots was low until the end of June; thereafter, it increased rapidly in the whole root system and in current-year roots and continued to increase until the end of August. It then decreased at the beginning of September and peaked again at the end of September before declining in October ( Figures 4A and 4B ). Although total real activity was higher in HN seedlings than in LN seedlings (P < 0.001), the trends over the growing season were similar. In both nutrient treatments, total real activity of previous-year roots was low and did not vary markedly during the growing season.
In both LN and HN seedlings, total potential activity (i.e., activity measured at 38°C) was higher in current-year roots than in previous-year roots (P < 0.001; Figures 4C and 4D) . Furthermore, total potential activity was significantly higher in HN seedlings than in LN seedlings (P < 0.001). In the LN treatment, total potential activity of the whole root system and of current-year roots increased until August and decreased thereafter ( Figure 4C ). In the HN treatment, total potential activity of the root system and of current-year roots increased from June to the end of September, and decreased rapidly thereafter ( Figure 4D ). In contrast to LN seedlings, total potential activity of previous-year roots of HN seedlings increased at the end of the growing season (P < 0.001 for the interaction between nutrient availability and sampling day).
Changes in amount of plasma membrane proteins and PM-ATPase
The amount of plasma membrane (PM) proteins was significantly higher in current-year than in previous-year roots (P < 0.001 in the LN treatment and P = 0.004 in the HN treatment; Figure 5 ). However, the amount of PM proteins in currentyear roots was unaffected by nutrient treatment and sampling TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SEASONAL VARIATION IN ACTIVITY OF SCOTS PINE ROOTS 5 day, whereas the amount of PM proteins in previous-year roots differed significantly between sampling days. The amount of PM-ATPase was significantly higher in current-year roots than in previous-year roots in both LN (P < 0.001) and HN seedlings (P = 0.005) (Figures 6A and 6B) . In previous-year roots, the amount of PM-ATPase varied over the growing season ( Figure 6A ) and in September it was significantly higher in HN seedlings than in LN seedlings (P = 0.008). In contrast, the amount of PM-ATPase in current-year roots was not affected by nutrient treatment and it remained in high amounts until mid-September when it began to decrease ( Figure 6B ).
Nitrogen net uptake
At the beginning of June, when growth of the seedlings started (Figures 2A and 2B ), seedling N content increased rapidly ( Figure 7A ) and was much higher in the HN treatment than in the LN treatment (P < 0.001) (Figures 7C and 7D) . In LN seedlings, N content increased until the end of August, whereas in HN seedlings N content increased until the end of the growing season ( Figure 7A ). At the end of the growing season, the N content of current-and previous-year roots increased markedly in the HN treatment ( Figure 7D) .
The specific absorption rate of N (SAR N ) was significantly higher in HN seedlings than in LN seedlings (P < 0.001) (Figure 7B) . In seedlings in both nutrient treatments, SAR N peaked in mid-July and thereafter decreased until mid-September. From mid-September to mid-October, SAR N was steady but low in HN seedlings, whereas no N uptake was observed in LN seedlings.
Nitrogen concentrations of all tissues were higher in HN seedlings than in LN seedlings. In May, the N concentration of previous-year needles and stem decreased and that of the roots increased ( Figures 7E and 7F) . Thereafter, in both LN and HN seedlings, the N concentration of previous-year tissues remained relatively stable, whereas that of current-year tissues declined.
Discussion
Current-year roots are more active than previous-year roots
Both real and potential PM-ATPase activities and the amounts of PM-ATPase and total plasma membrane proteins were higher in current-year roots than in previous-year roots until the end of September, confirming the importance of current-year roots in nutrient uptake. The PM-ATPase is abundant in the root cap, pericycle, epidermal, endodermal and phloem companion cells (Parets-Soler et al. 1990 , Jahn et al. 1998 . The anatomy of the root changes during secondary growth (Kramer 1983) , which affects the surface area of the plasma membrane accessible to the soil solution (Kamula et al. 1994) , and therefore metabolic activity varies along the length of the root (Travis et al. 1979 , Roldán et al. 1991 IIVONEN AND VAPAAVUORI TREE PHYSIOLOGY VOLUME 22, 2002 Marschner 1995). Because current-year roots are more active than previous-year roots, the seasonal variation in metabolic activity of the root system is strongly linked to the formation of new roots, and thus to the growth rhythm of the roots.
Activity of PM-ATPase per unit fresh mass of roots is acclimated to the size of the root system
Nutrient uptake rate is generally balanced by the demand of the plant for nutrients required for growth (White et al. 1991 , Lainé et al. 1995 ; however, an accumulation of nutrients in the autumn is characteristic of conifer seedlings growing at high nutrient supply (van den Driessche 1985, Rikala and Repo 1997) . We found a strong correlation between increment in N content and increment in total seedling biomass (r = 0.74 in the LN treatment and r = 0.72 in the HN treatment, data not shown). Total PM-ATPase activity of current-year roots was greatest at the end of the growing season, whereas PMATPase activity per unit fresh mass of current-year roots and SAR N peaked earlier, indicating that a decrease in PMATPase activity per unit fresh mass of roots can be compensated by increasing the size of the root system. In response to nutrient limitation, pines usually allocate more biomass to the root system than to the aboveground organs, which leads to an increase in the root/shoot ratio (Squire et al. 1987 , Gower et al. 1994 , Iivonen et al. 1999 ). An increase in the root/shoot ratio was observed in LN seedlings in the present study (Table 1) . Under nutrient-limited conditions, regulation of the root/shoot ratio seems to be of major importance in matching the metabolic activity of the root system to the requirement for nutrients.
High nutrient availability stimulates PM-ATPase activity
Between the end of June and mid-September, when RZT was over 9°C, real PM-ATPase activity per unit fresh mass of current-year roots was 1.2-2 times higher in the HN treatment than in the LN treatment; however, this difference was not paralleled by a similar difference in the amount of the PMATPase. This finding indicates that high nutrient availability may regulate PM-ATPase by increasing its activity without obvious changes in the amount of PM-ATPase (cf. Roldán et al. 1991 , Palmgren 1998 . In several herbaceous species increases in root PM-ATPase activity (Kuiper et al. 1991) Wignarajah et al. 1983 ) have been reported in response to an increase in external nutrient supply. Such changes may be associated with differential activation of isoforms of PMATPase that differ with respect to their kinetic parameters (Palmgren and Christensen 1994, Palmgren 1998 ) and might be specialized to function under different environmental conditions (Michelet et al. 1994 ).
Sensitivity of PM-ATPase activity to RZT is dependent on the stage of seedling development
In early September, shoot and root growth declined in both nutrient treatments, resulting in a low growth-related demand for nutrients. Simultaneously, real PM-ATPase activity of the root system and N net uptake decreased. At the end of September, root growth was again accelerated in both HN and LN seedlings. At the same time, real PM-ATPase activity and net uptake of N increased, although RZT decreased from 11 to 9°C. Earlier studies have shown that PM-ATPase activity is dependent on RZT in spring (Ryyppö et al. 1998 , Iivonen et al. 1999 . In contrast, we found that, although total real PMATPase activity was dependent on RZT in spring, this temperature dependence disappeared in August and total real PM-ATPase activity was highest at the end of the growing season when RZT was decreasing ( Figures 4A and 4B ). Our data strongly suggest that root growth (Iivonen et al. 2001 ) and sensitivity of root PM-ATPase to RZT vary during the growing season and are dependent on the developmental stage of the seedling. In October, when RZT decreased from 9 to 6°C, both the real and potential PM-ATPase activities decreased rapidly. This decrease was not linked to changes in PM proteins, which showed no change at the end of the growing season. We suggest that both the amount and activity of PM-ATPase decreased to basal values because of a reduction in growth-related demand for ion uptake and transport.
High nutrient availability extends growing period of roots
During the growing season, total net uptake of N was 5.3 times higher in HN seedlings (133.0 ± 22.7 (SD) mg) than in LN seedlings (25.1 ± 7.5 mg), whereas increment in fresh mass of seedlings only doubled in the HN treatment (25.7 ± 3.5 g (SD)) compared with the LN treatment (12.75 ± 2.4 g). During the growing season, N concentration of current-year needles decreased from 1.7 to 1.4% in the HN treatment and from 1.0 to 0.7% in the LN treatment. An adequate range of N concentration for shoot growth of 1-year-old Scots pine seedlings is 1.6-2.0% (Rikala 1982) . Thus, N deficiency limited growth in LN seedlings but not in HN seedlings. In May, when PM-ATPase activity and N net uptake of roots were low, the demand for N for growth was met by retranslocation from previous-year needles and the stem. At the end of the growing season, real and potential PM-ATPase activities were higher in HN seedlings than in LN seedlings, enabling roots of HN seedlings to grow for a longer period and to take up N until the end of the growing season. In contrast, only a very small amount of N was taken up after August in LN seedlings. Studies with Sitka spruce (Picea sitchensis (Bong.)) and Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) have shown that fine root production, in particular, increases in response to high nutrient availability (Coutts and Philipson 1977, Friend et al. 1990 ). Although previous-year roots have a minor role in N uptake, both the amount and activity of PMATPase in previous-year roots were stimulated by the HN treatment from the end of August to the beginning of October. This stimulation might be associated with root branching, which is increased when nutrient availability is high (Coutts and Philipson 1977, Rikala and Huurinainen 1990) , leading to increases in the amount and activity of PM-ATPase in segments of previous-year roots where the lateral roots develop (Travis et al. 1979 ).
In conclusion, PM-ATPase activity of the root system and N net uptake of Scots pine seedlings varied considerably during the growing season, and were highly dependent on formation of current-year roots. Activity of PM-ATPase of the root system was low in spring and early summer and peaked at the end of the growing season when RZTs were decreasing. At RZTs below 9°C, PM-ATPase activity of the root system was low, but no clear dependence of metabolic activity on temperature was found at higher RZTs. High nutrient availability promoted PM-ATPase activity of current-and previous-year roots, allocation of biomass to aboveground organs and also extended the growing period of the seedlings. Stimulation of PM-ATPase activity by high nutrient availability could not be explained by increased amount of the enzyme, indicating additional regulation of PM-ATPase activity under conditions of high nutrient availability.
